Francisella tularensis is a highly infectious facultative intracellular pathogen that is considered a potential agent of bioterrorism. Four different F. tularensis subspecies have been identified and they appear to display different ecological and virulence characteristics as well as differences in geographical distribution. One simple explanation for the variation in ecological and virulence characteristics is that they are conferred by differences in genome content. To characterize genome content among stains isolated from United States, we have used a DNA microarray designed from a shotgun library of a reference strain. Polymorphisms distributed among polyphyletic sets of strains was the most common pattern of genome alteration observed, indicating that strainspecific genome variability is significant. Nonetheless, 13 different contiguous segments of the genome were found to be missing exclusively in each of the subsp. holarctica strains tested. All 13 are associated with repeat sequences or transposases that could promote insertion/deletion events. Comparison of the live vaccine strain to other holarctica strains also identified three regions that are absent exclusively in the live vaccine strain derived from holarctica.
Introduction
Francisella tularensis is the etiological agent of tularemia, a disease of humans and a wide range of mammals, birds, rodents, and amphibians. The disease is zoonotic, transmitted to humans through ticks, mosquitoes, or handling of infected animals. Tularemia can manifest itself in humans as ulceroglandular, oropharyngeal, glandular, typhoidal and pulmonary disease, but the respiratory form of the disease has the highest associated morbidity (reviewed recently by Ellis et al. [1] ). Given its infectious nature, ease of dissemination and high mortality rate, F. tularensis is considered a significant threat as a potential biological weapon [2] .
The Francisellacae family contains two well-recognized species, F. tularensis and F. philomiragia. F. philomiragia is an opportunistic pathogen, virulent only in immunosuppressed and near-drowning individuals; whereas, F. tularensis is highly pathogenic to humans [3] . The species F. tularensis is further subdivided into four subspecies: F. tularensis subsp. tularensis, F. tularensis subsp. holarctica, F. tularensis subsp. mediaasiatica, and F. tularensis subsp. novicida [3] [4] [5] . Although all of the F. tularensis subsp. have been associated with the disease tularemia, there are significant differences in their isolation rates from human cases, their geographic distribution, and their ecology. F. tularensis subsp. tularensis is the primary subspecies isolated from clinical samples of humans and animals in the US but is less common on Europe. The F. tularensis subsp. holarctica is distributed widely in nature and is the primary species found in Europe. It is mainly associated with waterborne disease of rodents and hares and appears to be less pathogenic for humans and mammals [6] . F. tularensis subsp. novicida is isolated primarily from water and is not commonly linked to human disease while the F. tularensis subsp. mediaasiatica has been isolated only from limited geographic areas in the Soviet Union and Central Asia [7] .
The subspecies of F. tularensis are typically differentiated on the basis of growth and biochemical characteristics as well as virulence in rabbits [1] . The different subspecies can also be distinguished by various genotyping methods [8] [9] [10] [11] [12] [13] , indicating that they comprise separate populations. Genome sequencing efforts of the highly virulent F. tularensis subsp. tularensis strain Schu S4 (http://artedi.ebc.uu.se/projects/Francisella) and the F. tularensis subsp. holarctica Live Vaccine Strain (LVS) (http://bbrp.llnl.gov/bbrp/html/microbe.html) are nearing completion. Preliminary analyses of the Schu S4 sequence have recently been published [14, 15] , however complete annotated sequences are not available, nor has a systematic comparison of the two genomes been reported.
To complement the anticipated comparative genome sequencing efforts, we are undertaking an effort to examine the relationship between genome variation and variation in virulence characteristics among natural populations of the subspecies. A recent study of strains isolated primarily from Europe showed that indeed segments of the genome could be identified among F. tularensis subsp. tularensis strains that are absent in members of the other subspecies [5] . Given the apparent differences in genome content among the different subpopulations, we have begun the process of determining whether phylogeographic variation exists in F. tularensis and determining whether such variation can explain geographic differences in virulence and ecological characteristics. To this end, we have compared genome.. diversity among a set of F. tularensis subsp. tularensis and subsp. holarctica strains isolated from the US. In this report, we identify loci that differentiate subsp. holarctica and subsp. tularensis strains isolated from the US.
Materials and methods

Strain characterization
Characteristics of the F. tularensis strains comprising human and animal clinical isolates used in this study are summarized in Table 2 . Cultures were propagated on chocolate agar at 37°C in 5% CO 2 . Glycerol fermentation was tested by growth in cysetine heart agar base with 1% glycerol and 80 lg/ml of brom thymol blue. Inoculated tubes were incubated in an ambient air incubator at 37°C and read initially after three days and daily thereafter for a total of 14 days. F. tularensis subsp. holarctica LVS (ATCC29684) and F. tularensis subsp. tularensis strain NE-BC410 were used as negative and positive controls, respectively. Genomic DNA for PFGE analysis was prepared as described [16] . DNA was digested with either SmaI or BamHI and rsolved by PFGE using a BioRad CHEF DR-III apparatus with the following switching parameters: SmaI, initial switching time 1 s, final switching time 25 s for 18 h; BamHI, initial switching time 1 s, final switching time 15 s for 18 h.
F. tularensis subsp. tularensis library and microarray fabrication
A shotgun library of the human F. tularensis subsp. tularensis isolate NE-BC410 was constructed from DNA that had been sheared by nebulization. Sheared fragments of average size 1.0 kb were gel-purified and cloned into the pCR4-Blunt-TOPO vector (Invitrogen). Inserts from a total of 7680 clones were independently amplified using T7 and T3 primers and the products were evaluated by agarose gel electrophoresis. Amplification was successful from 7040 (92%) of the clones. The products were ethanol precipitated and the purified products were arrayed in duplicate into four, 40 Â 44 feature subarrays using an OmniGrid arrayer (GeneMachines, San Carlos, CA).
To compare genome diversity, 2 lg aliquots of DNA from the reference strain NE-BC410 and from a test strain were random primed using CY-5 and CY-3 dyelabeled nucleotides, respectively, with BioPrime DNA labeling kits (Life Technologies, Rockville, MD). Labeling, hybridization, and image analysis were performed as we have previously described [17] . For the studies reported here, the fluorescence intensity ratios of test/reference for each probe address were converted to binary 1 if <2 STDEV from the mean and binary 0 if >2 STDEV from the mean. Cluster analysis and sorting of polymorphisms was performed with the MARKFIND program [17] using the Unweighted Pair Group Method with Arithmetic means (UPGMA) [18] . Addresses showing group-specific patterns of polymorophism were identified using an algorithm in the MARKFIND program that sorts polymorphic characters in the binary strings relative to user-specified groups of taxa [17, 19] .
Mapping regions of difference (RD)
Clones corresponding to array probes that detect subspecies-specific polymorphisms were subjected to DNA sequence analysis using cycle sequencing with labeled T3 and T7 primers. Sequences were aligned into contigs using Sequencher software (Gene Codes, inc) and the contigs mapped onto the F. tularensis subsp. tularensis strain Schu S4 genome sequence (http://artedi.ebc.uu.se/Projects/Francisella) using BLAST searches. Southern blots were used to confirm representative probes from each of the RD of interest using inserts from the appropriate clones to probe DNAs of the entire strain set that had been digested with EcoRV. Probes were labeled by PCR with digoxigenin (Roche) and the blots were hybridized overnight in 5Â SSC, 1% blocking reagent (Roche), 0.1% N-laurylsarcosine and 0.2% SDS and washed in 0.5Â SSC, 0.1% SDS at 65°C. Detection was done following the manufacturer's recommendations. RD showing multiple bands in Southern hybridizations were further subjected to PCR analysis to avoid repeated regions. The PCR products were also used for Southern hybridizations. PCR primers for these contigs are listed in Table 1 .
Results
Strain characterization
A collection of 17 different F. tularensis isolates was obtained (Table 2 ) from five different states in the US. The isolates were first subjected to glycerol fermentation and PFGE analyses to confirm their classification as F. tularensis subsp. tularensis or subsp. holarctica. The control strains for these studies was the NE-BC410 isolate, a confirmed human clinical isolate of F. tularensis subsp. tularensis, and the ATCC LVS strain of F. tularensis subsp. holarctica (Table 2 ) PFGE patterns obtained from the strain collection with SmaI and BamH1 segregated 15 of the 17 isolates into two different groups (Table 2 ). Type A strains showed a two band or less difference compared to the NE-BC410 subsp. tularensis control and Type B showed a two band or less difference compared to the subsp. holarctica (LVS) control. Two strains, WY-00W4114 and WY-No code1, displayed distinct patterns; WY-00W4114 was more RD8  8F1  TACTTCACAAGGTATGGCAG  RD8  8R1  CTCCAAACTTCATCAGTCAG  RD8  8F2  TATGGATGAAGTCAAAGCCG  RD8  8R2  TCTGCAAGGTTACCGCATTG  RD8  8F3  AGATCAGCTTGAGTTAACCC  RD8  8R3  TGCTTGTATAAGGAGTTGGG  RD8  8F4  AAATCAGCACCATAACCAGG  RD8  8R4  GACACTAAAGTTTCTACACC  RD8  8F5  GGGAGCTTTATGATTGAGAC  RD8  8R5  GCTTACCTACTTAGCAAAGC  RD8  8F6  GATATAGGCTGAGCATTCTC  RD8  8R6  TCTACCTCCGTACTCTCCAG  RD9  9F  GCAAACCACCAATTGTTACC  RD9  9R  GATCAAGATGAGGTTACGAG  RD10  10F  AACCAAGGCTATGAGCTGAC  RD10  10R  TCTTTAAGTAGCTCACGAGC  RD12  10F  AACGGTTATGATCACTATCG  RD12  12R  CACACAAGTAAACTTATACG  RD13  13F  CCAGTCAATTCCTTGTGCCC  RD13  13R  AAATTTAGATGCGTTTACCC  RD15  15F  CTCAGATCTTACTCTCACC  RD15 15R TGGACACCGACGTATGCACC (Table 2) .
Genome content probing by DNA microarray
Using a conservative algorithm to identify probe addresses that detect significant fluorescence intensity differences between test and reference strains, the microarray data from each strain was converted to binary strings and subjected to cluster analysis by UPGMA (Fig. 1) . The resulting dendrogram showed two primary clusters and superimposition of the PFGE groupings and the glycerol fermentation results onto the dendrogram showed concordance between all three methods.
To identify subsp. tularensis-specific genome segments, a previously defined sorting algorithm [17, 19] , was used to sort the polymorphisms into different patterns of distribution and identify group-specific sets of polymorphisms. Although the majority of the array probes which detect polymorphisms showed patterns that were distributed among apparently polyphyletic sets of holarctica and tularensis strains, we found 48 array probes showing a conserved, subspecies-specific distribution of polymorphism.
In addition to subsp. tularensis-specific genome segments, we also used the algorithm to identify genome segments that were altered exclusively in the holarctica strain LVS. The LVS strain ultimately descended via animal passage of an attenuated holarctica strain [9, 11, [20] [21] [22] . However, since the parental strain is not available for study, an alternative approach to identifying alterations that occurred during derivation of the LVS strain is to compare the LVS strain to other holarctica strains. Although this approach would not necessarily distinguish which alterations occurred prior to divergence of the original parental strain from the holarctica population from those that occurred during derivation of LVS, it can at least narrow down the possibilities. A total of 12 different addresses were identified that showed altered hybridization intensity exclusively in LVS.
Characterization of regions of difference between subspecies tularensis and holarctica
DNA sequence analysis and contig analysis of the 48 different tularensis-specific addresses and 12 addresses that were altered exclusively in the LVS strain identified 13 different contiguous RD among tularensis strains (RD tularensis ) and three contigs among the LVS strain (RD LVS ). Within the 13 RD tularensis , 23 putative ORFs were identified (Table 3 and Fig. 2 ). Only seven of the RD tularensis defined in our study were identified in the study of Broekhuijsen et al. [5] . Among the RD LVS , 3 ORFs were identified (Table 3 and Fig. 3 ). Functional classification of ORFs within the RD tularensis showed that one of the largest differences is associated with restriction/modification systems, which were found within three different RD tularensis .
Basis for altered hybridization
As shown in Table 3 , Southern blot analysis of representative segments from each contig revealed that nine of the 13 RD tularensis were due to insertion/deletion of the contig or substantial nucleotide sequence divergence beyond which could be detected under the hybridization conditions used. The remaining 4 displayed subspecies- Abbreviations: RM, restriction modification system, H.P.; hypothetical protein; Nt, RD in N-terminus of ORF only; RFLP, restriction fragment length polymorphism; ISFtu1, putative insertion sequence (transposase Accession Nos.: AAL06400 and AAL06399) similar to that previously reported in F. tularensis [12, 28] specific RFLP patterns. Southern analysis and BLAST search of the three RD LVS indicated that one of them is absent in LVS as compared to other subsp. holarctica strains whereas, the other two display LVS-specific RFLP patterns (Table 3) .
Clustering of the RD in the genome
When the RD tularensis and RD LVS were mapped onto segments of the partial F. tularensis subsp. tularensis genome sequence, we found that 11 out of the 13 RD holarctica and two of the three RD LVS are proximal to transposase sequences. Repeat sequences are also positioned within or nearby the remaining RD. In addition, several of the RD were also clustered in the genome. RD tularensis 15, and RD LVS L2, and RD LVS L3 all cluster within 35 kbp of the 105 kbp contig 31 from the genome sequence. Within the 188 kbp contig 35 from the genome sequence, three different contigs clustered (collectively RD8) within a 13 kb region flanked by putative insertion sequence (ISFtu1) elements that contain an ORF with similarity to known transposases (Fig. 3) . A similar structure is seen on the 166 Kb contig 34, where RD4, RD5, and RD11 are situated within 27 kbp of each other flanked by putative IS elements. Given the proximity of many of the RD to putative transposases and repeated sequences and given the clustering of several RD, it is possible that clustered RD are due to incomplete coverage of the genome in the library and that the clustered RD actually represent a single contiguous RD. Further investigation will be necessary to differentiate between these possibilities.
Discussion
Using a microarray derived from a shotgun library of a recent human clinical isolate of F. tularensis subsp. tularensis, we have identified 13 different genome segments that are absent from strains of F. tularensis subsp. holarctica isolated from the US. Among these 13 segments, several genes can be identified that could contribute to unique virulence or ecological characteristics, including genes encoding methylases, aminopeptidases, pdpD-like proteins, and transport proteins. Of the three RD LVS , each encodes proteins that could play a role in virulence for humans. The most obvious case being the type IV fimbrial protein gene, which is known to play important roles in adherence, colonization and pathogenesis in a number of bacterial species [23] [24] [25] [26] [27] . In addition, identification of an OmpC-like sequence (RDL3), which normally serves as a porin, and an acyl-acyl carrier synthetase (RDL1) suggest that central metabolism and the overall physiological well-being of the bacteria, particularly under the stresses normally observed during infection of host cells, play a role in the phenotypic differences between LVS and holarctica strains.
Although the majority of the mechanisms that are responsible for genesis of the RD tularensis and RD LVS are not well understood, several of the RD resemble composite transposable elements (e.g., RD tularensis 8) and could therefore have originated by transposition of the segment during descent of the population. Based on known transpositional recombinational mechanisms in other species, the structure or RD tularensis 8 could presumably transpose as a single unit into another location or resolve into structures similar to that seen in subsp. holarctica. If our proposed mechanism for the production of RD8 is correct, we would expect to observe deletion of this and regions with similar structures at reasonably high frequencies in subsp. tularensis strains propagated in the laboratory for an extended period of time. In addition, more detailed comparison of the RD between tularensis and holarctica strains is likely to provide insight into the mechanisms of evolution in Francisella.
Although seven of the RD tularensis were observed in both European [5] and US strains, six tularensis-specific segments were unique to our study and three were unique to the European study. There are two possible explanations for the discrepancies. First, it is possible that differences are due to different representations or fragment sizes in the respective libraries used to fabricate the microarrays. Given that neither our library nor that of Broekhuijsen et al. [5] is comprehensive, at least some of the RDs unique to either study could be due to different representations in the libraries. A more intriguing possibility for the differences in the two studies, however, is that the RD tularensis unique to either study are due to differences in the populations that were sampled. Our strains comprised regional populations of the tularensis and holarctica subsp. from the US, whereas Broekhuijsen et al. [5] used strains of the tularensis, holarctica, mediaasiatica, and novicida subsp. that were primarily derived from Europe and Asia. Therefore, it is possible that the unique RD tularensis in our study are missing only in holarctica populations from the US. Given these two possibilities, we are currently in the process of comparing a more globally derived strain set to determine if phylogeographic variation can be detected among populations from different geographic regions.
